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ABSTRACT
We conduct three-dimensional hydrodynamical simulations to explore the interaction of jets that a
neutron star (NS) companion to a type Ic or type Ib core collapse supernova (CCSN) launches few
hours after explosion with the ejecta of the CCSN. We assume that a NS companion at 5R from
the exploding star accretes mass from the slower inner ejecta through an accretion disk, and that the
disk launches two opposite jets. Although the energy of the jets is only about one per cent of the
total energy of the ejecta, it is comparable to the energy of the slower inner part of the ejecta. We
find that the jets inflate one low-density hot bubble to one side of the ejecta, and that this bubble
expands to influence ejecta gas up to expansion velocities of vej ' 3500 km s−1. The post-shock jets’
material develops a large meridional flow and small vortexes. The boundary between the ejecta and
jets’ post-shock gases is unstable. The instabilities and vortexes mix jets’ gas with the ejecta. We
expect such a hot bubble to contribute to the light curve of CCSNe that are progenitors of binary NS
systems, in particular to observers on the side of the bubble.
Keywords: stars: massive – stars: neutron – supernovae: general – stars: jets – stars: binaries: close
1. INTRODUCTION
Several evolutionary routes of binary massive stars
lead to the spiralling-in of a neutron star (NS) inside
the envelope of a core collapse supernova (CCSN) pro-
genitor. The discussion to follow holds in most parts
also to a black hole spiralling-in inside a massive stel-
lar envelope, but in the present study we simulate non-
relativistic jets as expected for NS companions. Earlier
studies of the common envelope evolution (CEE) of a
NS and the CCSN progenitor include the recycling of a
pulsar as during the CEE the NS accretes mass with suf-
ficiently high angular momentum (e.g., Chattopadhyay
et al. 2020), and the formation of a close binary system
of two NSs that might later emit gravitational waves
and merge (e.g., Tauris et al. 2017; Kruckow et al. 2018;
Mandel & Farmer 2018; Vigna-Go´mez et al. 2020). The
launching of jets by the mass-accreting NS companion
inside the envelope can power a bright transient event,
with characteristics similar to those of CCSNe. If the
NS does not destroy the core the event is a common en-
velope jets supernova (CEJSN) impostor (e.g., Gilkis et
al. 2019) if the NS does destroy the core it a CEJSN,
e.g., Soker et al. 2019; Schrøder et al. 2020; Grichener &
Soker 2019).
Mass accretion rates of M˙acc & 10−3M yr−1 allow
the gas that the NS accretes to cool by neutrino emis-
sion, therefore facilitating the high mass accretion rates
(Houck & Chevalier 1991; Chevalier 1993, 2012). Dur-
ing the CEE the gas that a NS accretes possesses high
enough specific angular momentum to form an accretion
disk (e.g., Armitage & Livio 2000; Papish et al. 2015;
Soker & Gilkis 2018; Lopez-Camara et al. 2020). This
accretion disk launches the jets that power CEJSNe and
CEJSN impostors.
In most cases where the NS does not enter the core the
CEE ends with a close binary system of a NS and a pro-
genitor of a type Ib or a type Ic CCSN, i.e., a stripped-
envelope CCSN progenitor (SNe Ibc; e.g., Dewi et al.
2002; Vigna-Go´mez et al. 2018; Laplace et al. 2020).
The typical post-CEE semi-major axis of the NS and the
CCSN progenitor might be a ≈ 1− 5R, corresponding
to an orbital period of ≈ 1 − 10 hours (e.g., Fragos et
al. 2019; Romero-Shaw et al. 2020).
When the CCSN progenitor explodes and ejecta col-
lide with the NS (e.g., Egorov & Postnov 2009), the NS
companion accretes mass from the CCSN ejecta (e.g.,
Fryer et al. 2014; Becerra et al. 2015, 2016, 2019; Soker
2020). Because of the orbital motion of the NS relative
to the exploding star the accretion flow does not have
an axisymmetrical geometry and the accreted mass pos-
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2sesses angular momentum. This is similar to the accre-
tion flow of a NS from a stellar wind. There are many
studies of NS accreting from a stellar wind (but not from
CCSN ejecta) that consider the non-axisymmetrical ac-
cretion flow and accretion disk formation (e.g., Illarionov
& Sunyaev 1975; Shapiro & Lightman 1976; Wang 1981;
Delgado-Mart´ı et al. 2001; Erkut et al. 2019; El Mellah
& Casse 2017; El Mellah et al. 2018; Xu & Stone 2019;
Liao et al. 2020).
In the case of a NS accreting from a CCSN ejecta the
gas velocity is not constant. The ejecta velocity profile
reaches a homologous expansion, such that the ejecta
velocity relative to the NS decreases with time. As a re-
sult of that the orbital motion becomes more influential
in deviating the flow from axisymmetry, and therefore
the specific angular momentum of the accreted gas in-
creases. When the ejecta velocity becomes slow enough,
vej < vej,d ' 1500 − 1000 km s−1 for a = 1 − 5R, re-
spectively (Soker 2020), the specific angular momentum
becomes large enough for the gas to form an accretion
disk around the NS (Fryer et al. 2014; Becerra et al.
2015, 2016, 2019; Soker 2020).
In this study we do not simulate the accretion process,
but rather assume that by accreting ejecta mass through
an accretion disk the NS companion launches jets. We
simulate the interaction of these jets with the ejecta.
Unlike the case of minutes to hours delayed jets from
the newly born NS or black hole that accrete fallback
material (e.g., Stockinger et al. 2020), here the flow is
not symmetric about the center of the ejecta, and we
must conduct three-dimensional (3D) hydrodynamical
simulations. We describe the ejecta and jets in section 2
and the numerical setting in section 3. We present our
results in section 4 and summarise in section 5.
2. THE EJECTA AND JETS
2.1. The basic flow structure
We take homologous expanding ejecta with a velocity
at each radius of vej(r) = r/t and density of (Suzuki &
Maeda 2019; their equation 1-6, with l = 1 and m = 10),
ρ(r, t) =
ρ0(t)
(
r
tvbr
)−1
r ≤ tvbr
ρ0(t)
(
r
tvbr
)−10
r > tvbr,
(1)
where Mej is the ejecta mass, ESN is its kinetic energy,
vbr =
(
20
7
)1/2(
ESN
Mej
)1/2
= 6400
×
(
ESN
1051 erg
)1/2(
Mej
3.5M
)−1/2
km s−1,
(2)
and
ρ0(t) =
7Mej
18piv3brt
3
= 7× 10−5
(
Mej
3.5M
)
×
( vbr
6400 km s−1
)−3( t
1h
)−3
g cm−3.
(3)
We base our scaling of the ejecta mass of SNe Ibc on
Dessart et al. (2016) and Teffs et al. (2020), and on the
ejecta mass of SN Ic iPTF15dt (Taddia et al. 2019).
From equation (1) the density at radius r < vbrt is
ρ(r, t) = 4.7× 10−4
(
r
5R
)−1(
Mej
3.5M
)
×
( vbr
6400 km s−1
)−2( t
1h
)−2
g cm−3.
(4)
We consider a NS of mass MNS and radius RNS that
orbits the progenitor of a SN Ibc in a circular orbit
of radius a ' 5R (see section 2.2 for the evolution
with time). For the parameters we use here the or-
bital velocity of the two stars with respect to each other
is vorb ' 500 km s−1. Soker (2020) finds that the
NS companion starts to accrete mass through an ac-
cretion disk when the ejecta velocity decreases to about
vej,d ≈ 900 km s−1. The relative velocity between the
ejecta and companion is
vrel ' [v2ej(r) + v2orb]1/2. (5)
When disk formation starts vrel ' 1000 km s−1. The
Hoyle-Lyttelton accretion radius is
Ra =
2GMNS
v2rel
= 0.53
(
MNS
1.4M
)( vrel
1000 km s−1
)−2
R.
(6)
The mass accretion rate is
M˙NS ' piR2avrelρ ' 3.7× 10−4
(
r
5R
)−1
×
(
MNS
1.4M
)2 ( vrel
1000 km s−1
)−3( Mej
3.5M
)
×
( vbr
6400 km s−1
)−2( t
1h
)−2
M h−1
(7)
The accretion rate at t = 1 h is therefore M˙NS,1h '
3.7× 10−4M h−1 = 3.2M yr−1.
The accretion through a disk starts when ejecta with
velocity of vej,d ≈ 900 km s−1 reaches the NS, tacc,0 '
1.1 h. After another hour, ejecta with a velocity of
' 450 km s−1 reaches the NS, after 3 hours it is
' 300 km s−1, and so on. At t = 2 h and t = 3h we find
3that vrel,2 ' 670 km s−1 and vrel,3 ' 580 km s−1, re-
spectively, and from equation (6) the accretion radius is
larger. By those times the density at the location of the
NS are 0.25 and 0.11 times the density at t = 1 h. The
accretion rates at these times are M˙NS,2h ' 0.83M˙NS,1h
and M˙NS,3h ' 0.56M˙NS,1h, respectively.
We assume that the jets carry about 3%− 10% of the
mass that the NS accretes at the escape velocity from
the NS, i.e., M˙2j ' 1 − 3 × 10−5M h−1 during the 2
hours in the range t = 1− 3 h. This implies an average
power of E˙2j ' 3 × 1048 − 9 × 1048 erg h−1. To save
numerical resources we launch jets at lower velocities,
so the mass outflow rate is larger.
2.2. Uncertainties and numerical simplifications
The main processes and their uncertainties are as fol-
lows (Soker 2020).
(1) Jets’ power. The largest uncertainty is the power
of the jets. It depends on the accretion rate by the NS
and the fraction of that mass that the NS launches as
jets. Another uncertain parameter is the collimation
degree of the jets. For example, it is not clear whether
the accretion disk is a thin or a thick accretion disk.
This might change the collimation degree of the jets. In
the present study we concentrate on these uncertainties
and vary the jets’ power and collimation degree.
(2) The phase of jets activity. There is an uncertain-
ties as to the time when the gas that the NS accretes
has sufficiently large specific angular momentum to form
an accretion disk that launches jets. We do not vary
this time in our simulations, and use the estimate from
Soker (2020) that for a pre-explosion orbital radius of
a = 5R the formation of an accretion disk starts at
about t ' 1 h.
(3) The explosion geometry. We expect the close NS to
spin-up the SN progenitor. Because of that, it is likely
that polar jets drive the CCSN explosion. Compared
to a spherical explosion, an exploding rapidly rotating
core would eject a relatively slower equatorial flow and a
faster polar flow (Gilkis et al. 2016). A slower equatorial
flow results in an earlier formation of an accretion disk
an a higher accretion rate (Soker 2020).
(4) Post-explosion orbit. If the system stays bound af-
ter explosion the NS acquires a post-explosion eccentric
orbit. If the NS escape it acquires a hyperbolic orbit. In
any case, after explosion the distance between the NS
and the center of explosion increases. The orbit itself is
not a trivial one to calculate due to the interaction of the
NS with the ejecta. Becerra et al. (2015), for example,
found that due to the NS-ejecta interaction the system
can stay bound even if the ejecta carry more than 50%
of the initial binary mass. In the present study we keep
Case ∆cell,m E˙2j M˙2j,n αj Figs
R erg h−1 M h−1
LeN1 0.2344 2.27× 1048 9.1× 10−5 20◦ 1 - 5
LeW2 0.2344 2.27× 1048 9.1× 10−5 50◦ 5
HeN3 0.2344 8.46× 1048 3.4× 10−4 20◦ 5
HeW4 0.2344 8.46× 1048 3.4× 10−4 50◦ 5
ExG5 0.4688 2.27× 1048 9.1× 10−5 20◦ 6
Table 1. Summary of the properties of the different sim-
ulations. In all cases we launch the jets at a velocity of
vj,n = 5× 104 km s−1. From first to last column we present
the name of the simulation, the smallest cell size in the grid,
the power of the two jets, the mass outflow rate in the two
jets, the jets’ half opening angle, and the figures where we
present results. In all cases we start to launch the jets at
t = 60 min after explosion.
the distance between the NS and the center of explosion
constant in time, a = 5R. The NS is moving away
from the center of the explosion, but we do not consider
it to be the major effect during the two hours of the
jets’ activity time period. Since we include neither the
gravity of the NS nor that of the exploding star, we do
not include the orbital motion of the NS. In this study
we do not continue to launch jets beyond t = 3 h, as the
NS moves further away (which we do not include), and
therefore the accretion rate substantially decreases, and
so is the jets’ power.
In addition to these uncertainties we are limited by
computer resources. To save computer resources we ig-
nore some effects that introduce errors that are much
below the other uncertainties. We reduce the dynamical
range (range of gas velocities here) and launch the jets
at a velocity of only vj,n = 5×104 km s−1 rather than at
≈ 1.5×105 km s−1. To have the same jets’ power we take
the numerical mass outflow rate in the jets, M˙2j,n, to
be (GMNS/RNS)/(0.5v
2
j,n) times larger. We checked one
case with vj,n = 10
5 km s−1 and found only small differ-
ences with respect to the case with vj,n = 5×104 km s−1.
2.3. Simulations
We summarise the simulations we conduct in Table
1. In all simulations the jets activity starts at t = 1 h,
and the properties of the ejecta are according to section
2.1. Because the typical timescales of the simulations are
hours we present the mass loss rate and power per hour.
For numerical reasons we inject the jets at lower than
the escape velocity from the NS. To have the same jets’
power as in the real situation we increase the numerical
mass outflow rate in the jets above that expected in the
real situation.
Between the different cases we simulate we vary the
jets’ power and the jets’ half opening angle. We simulate
cases with two jets’ powers. The higher one is under the
4assumption that the NS accretes at the Bondi-Hoyle-
Lyttleton rate and the jets carry 10% of the accretion
energy (the jets carry 10% of the accreted mass at the
escape velocity). The lower power is about quarter of
the high power.
The total energy of the ejecta in our simulations is
ESN = 10
51 erg. However, we should compare the en-
ergy of the jets with the energy of the ejecta that the
jets interact with. Consider then the energy of the ejecta
with velocity v < vej,i. From the density and velocity
profiles (section 2.1) the ejecta energy in the relevant
range of v < vej,i is
Eej(< vej,i) =
∫ vej,it
0
ρ0
(
r
tvbr
)−1
1
2
v24pir2dr
=
5
9
ESN
(
vej,i
vbr
)4
= 1.7× 10−3
(
vej,i
0.235vbr
)4
ESN.
(8)
The velocity of the ejecta that reaches the NS after an
hour is 5R/1h = 970 km s−1. Later we find that the
jets inflate a bubble that expands faster than the ejecta
and reaches to regions where the ejecta velocity is vej,i '
3000−3500 km s−1. The corresponding ejecta energy is
Eej(< 3000 km s
−1) = 2.7×1049 erg. The jets inflate the
bubble into one side, so the relevant energy of the ejecta
is ≈ 1049 erg. Indeed, the jets’ energy that we inject
within 2h is about equal to this energy. We present the
consequences in section 4.
3. NUMERICAL SET UP
We use version 4.2.2 of the adaptive-mesh refinement
(AMR) hydrodynamical FLASH code (Fryxell et al.
2000) in its 3D mode. We employ a full 3D AMR using
a Cartesian grid (x, y, z) with outflow boundary condi-
tions at all boundary surfaces. The origin of the grid is
at the centre of the ejecta (the progenitor of the CCSN).
The z = 0 plane is the equatorial plane of the flow. We
simulate the whole space (the two sides of the equatorial
plane).
As the strong jet-ejecta interaction takes place in op-
tically thick regions, we turn off radiative cooling at any
gas temperature. The equation of state includes both
radiation pressure and gas pressure with an adiabatic
index of γ = 5/3, due both to ions and electrons, i.e.,
Ptot = Prad + Pion + Pelec.
We use resolution with 7 refinement levels. In four
cases the minimum cell size is ∆cell,m = 1.64×1010 cm =
0.234R, and the total size of the Cartesian numerical
grid is (120R)3, i.e., (Lx, Ly, Lz) = ±60R. In one
case the cells are twice as large and so is the numerical
grid.
We simulate a CCSN ejecta with a mass of Mej =
3.5M and a kinetic energy if ESN = 1051 erg. We take
the ejecta at t = 1 h after the explosion, such that the
initial (when we start the simulation) velocity at each
radius is v(r) = r/1 h, and the density is according to
equation (4) at t = 1 h.
We inject the two opposite jets along a constant axis
which is parallel to the z axis at (x, y, z) = (5R, 0, 0).
We inject each jet in a cone with a half opening an-
gle of αj = 20
◦ or 50◦. The length of each injection-
cone is ∆rj = R (or ∆rj = 2R for the low resolution
case). At the beginning of the simulation the two oppo-
site cones are filled with the jets material.
For numerical reasons (to avoid very low densities) we
inject a very weak slow wind in the directions where we
do not launch the jets, i.e., in the sector αj < θ ≤ 90◦
in each hemisphere. Because of the constant-density
sphere near the center, and the region where we numeri-
cally inject the jets, the flow structure close to the center
includes some numerical effects. The initial temperature
of the simulation box and the jets is 10000 K.
4. RESULTS
Our goal is to present the general inflation process of
a bubble by jets that a NS companion launches, and
to find its region of influence within the ejecta. We
conduct simulations with the parameters that we present
in Table 1. We present the evolution only for Case LeN1
(section 4.1) and for the Case ExG5 that has the same
parameters but with an extended grid (section 4.3). For
the other cases we present their pressure and velocity
maps at t = 150 min after explosion (section 4.2). In all
cases we start the simulation at t = 1 h when jets start
to be active.
4.1. Case LeN1
In Fig. 1 we present the density maps of Case LeN1
in the meridional plane that contains the NS companion
and the center of explosion at three times (note the dif-
ferent scales of the panels, both in the axes sizes and in
the color-bar scales). The NS companion that launches
the jets is at (x, y, z) = (5R, 0, 0), and the initial sym-
metry axis of the jets is along the z axis (perpendicular
to the equatorial plane z = 0). In Fig. 2 we present
the velocity maps in the same plane and at the same
times. In Fig. 3 we present the density in the planes
z = 0, z = 10R and z = 25R at t = 150 min. The
blue circle in the upper panel is the very low density of
the freely expanding jets.
In Fig. 4 we present three different panels all at t =
150 min. In the upper panel we present the jet-tracer
map in the meridional plane as in Figs. 1 and Fig. 2.
The jet-tracer variable follows the gas that was injected
in the jets, and in each grid cell it is equal to the fraction
5Figure 1. Density maps in the meridional plane of Case
LeN1 (details of the cases in Table 1) at three times, from
top to bottom, t = 90 min, t = 150 min, and t = 192 min
after explosion. The density scale is according to the color
bar in units of g cm−3. Note the increasing size of the panels
with time and the different density scales of the color-bars.
Figure 2. Velocity maps in the meridional plane of the
simulation at three times as in Fig. 1. The velocity scales
are according to the color bars in units of cm sec−1 (all
arrows have the same length). Note the increasing size of
the panels with time and the different velocity scales of the
color-bars.
6Figure 3. Density maps of the Case LeN1 at t = 150 min
after explosion in the planes (from top to bottom): z = 0,
z = 10R, and z = 25R. The density scale is according to
the color bar in units of g cm−3.
of the gas that originated in the jets. In the second panel
we present the temperature map in the same plane. In
the lower panel we present a three-dimensional view by
two colors. The green color depicts the low density (ρ =
5×10−8 g cm−3) regions of the post-shock jets’ material,
while the red color depicts higher density gas of ρ = 3×
10−5 g cm−3 in the bubble-ejecta boundary. The view
of the 3D density map is from the direction (x, y, z) =
(0, 1, 1)
We turn to analyse the results.
4.1.1. The general morphology
At a very early time (not shown in the figures) the two
bubbles, one from each jet, merge to form one bubble.
The bubble is the green volume in the two upper panels
of Fig. 1, which is bounded by a dense shell (red color
in these panels). The material inside the dense shell,
the bubble, includes shocked ejecta gas (closer to the
shell boundary on the right side of the bubble of Fig.
1) and shocked jets’ gas. Namely, there is a forward
shock running into the ejecta. Behind this shock is the
dense shell. The jets pass through the reverse shocks,
one at each side of the equatorial plane, that we see by
the sharp jump in temperature in the middle panel of
Fig. 4 (blue to green inside the bubble). The upper
panel of fig. 4 presents the jet-tracer map. Comparing
the tracer map with the temperature map (middle panel
of fig. 4) teaches us that the high temperature region
contains indeed both post-shock jets’ gas and post-shock
ejecta gas.
The CCSN ejecta pushes the bubble away from the
center (to the right in Figs. 1 and 2). During the two
hours activity period of the jets, the two jet termina-
tion shocks move to larger distances from the equatorial
plane (two upper panels of Fig. 2). The post-shock jets’
material flows toward the equator in a back-flow stream
at larger distances from the center relative to the orig-
inal jets. This meridional flow has a large-scale mirror
symmetry about the equatorial plane.
The density color-coding changes between the three
panels of Fig. 1. In the upper two panels the blue color
presents the very low density of the freely expanding
jets. In the lower panel, where the jets are not active
anymore, the blue color presents the very low-density
regions of the bubble. The density inside the bubble
is ≈ 0.01 times that of the ejecta. Due to the high
temperature (middle panel of Fig. 4) radiation pressure
dominates inside the bubble, and the pressure in the
bubble is larger than in the ejecta (section 4.2). The
lowest density regions inside the bubble (deep blue in
the lower panel of Fig. 1) show that each jet inflated a
7Figure 4. Some properties of the the Case LeN1 at t =
150 min. In the upper and middle panels we present the jet-
tracer map and temperature (temperature in K by the color
bar), respectively, in the meridional plane. In the lower panel
we present a three-dimensional view of the density (green for
ρ = 5× 10−8 g cm−3 and red for ρ = 3× 10−5 g cm−3). The
observer is in the direction of (x, y, z, ) = (0, 1, 1).
different very-low density region, but the separate bub-
bles merged at a very early time to form one bubble.
At a time of t = 1 h when we start the jets’ activity the
ejecta that crosses the NS has a velocity of 5R/1 h =
967 km s−1. By the time we end the simulation here
(because the bubble reaches the edge of the numerical
grid) the dense shell boundary of the bubble reaches
ejecta material with velocities of ' 3000 km s−1. We
explore the bubble evolution at later times with a larger
low-resolution grid in section 4.3.
Fig. 3 shows that the cross section of the bubble nar-
rows down with increasing distance from the equatorial
plane.
4.1.2. Instabilities and vortexes
The flow of the post-shock jets’ material, namely, the
flow inside the bubble, has a complicated structure (Fig.
2). The flow includes a large-scale meridional back-flow
on each side of the equatorial plane, small vortexes, and
a radial outflow on the outer boundary of the bubble.
We will present the velocity maps of the other cases in
section 4.2.
The pressure in the bubble is larger that that of he
ejecta and the density inside the bubble is lower than
that of the ejecta. Therefore, the bubble-ejecta bound-
ary is RayleighTaylor unstable. Indeed, the upper panel
of Fig. 1 clearly shows high-density instability tongues
that protrude from the dense shell into the low density
bubble. In the middle panel these tongues are smaller.
The reason is that the strong meridional flow (Fig. 2)
washes out the tongues. The relatively high density
clumps and filaments (yellow) inside the bubble (green)
in the three panels of Fig. 3 also demonstrate the insta-
bilities in the bubble-ejecta boundary.
4.1.3. Mixing
The instabilities and vortexes mix post-shock ejecta
gas with post-shock jets’ gas. The upper panel of Fig. 4
presents the degree of mixing between the media. The
green areas in this jet-tracer map show that a large vol-
ume inside the bubble has about equal fraction of jet-
originated and ejecta gases. The inner parts of the ejecta
contain newly synthesised isotopes (e.g., Wongwatha-
narat et al. 2017), and the bubble can change the flow
structure of these isotopes in the side of the ejecta that
the jets influence.
4.2. Other cases
In Fig. 5 we present the pressure maps with stream
maps (the arrows show only the direction of flow, not
the speed). The two upper panels are for the low energy
simulations Case LeN1 (that we analysed in section 4.1)
and Case LeW2, and the lower panels are for the high
8energy simulations Case HeN3 and Case HeW4. The
two left panels are for narrow jets of αj = 20
◦, and the
right two panels are for wide jets of αj = 50
◦. All panels
are at t = 150 min post-explosion and after 90 minutes
of jet activity. The blue zones inside the bubbles are the
freely expanding pre-shock jets.
As expected, higher energy jets (lower two panels) in-
flate larger bubbles. The jets’ energy is 3.7 times larger
in the high-energy cases, and at t = 150 min their size
along the z-direction is about 1.4 larger than that of the
low-energy cases.
In the cases with wide jets, two right panels, the much
larger jets’ cross section implies much lower jets’ momen-
tum flux, and the jets’ termination shocks are at small
distances from the origin. A case with a wider jet forms
a much smaller bubble with a much higher pressure (as
energy is conserved here) with respect to the narrow jets
cases.
The flow structure is similar to that in figure 2. The
post-shock jets’ gas has a complicated flow structure
with a back flow and vortexes. The post-shock ejecta
gas that resides closer to the bubble boundary has a
and ordered outward flow.
4.3. Case ExG5 with an extended grid
Numerical resource limitations force us to reduce the
numerical resolution to be able to follow the bubble for
a longer time. We conduct one simulation, Case ExG5,
with larger grid cells and a larger grid. We present the
density maps in the meridional plane at t = 192 min
and t = 366 min = 6.1 h, and the jet-tracer map at
t = 6.1 h in Fig. 6. The physical input parameters of
this simulation are as of Case LeN1. However, the larger
cell sizes imply that practically the jets are somewhat
wider. As we find in section 4.2 wider jets inflate smaller
bubbles at a given time. We indeed find that at t =
192 min the bubble of Case ExG5 (upper panel of Fig.
6) is somewhat smaller than that of Case LeN1 at the
same time (lower panel of Fig. 1). Quantitatively, the
volume of the bubble of Case ExG5 is ' 0.8 times the
volume of the bubble of Case LeN1 at t = 192 min, or
an average size ratio of a¯(ExG5) = 0.93a¯(LeN1).
We continue until the bubble reaches the edge of the
numerical grid at t = 6.1 h. From the lower panel of
Fig. 6 we see that the gas that originated in the jets
mixed well with the ejecta mass that the bubble inter-
acted with.
The most distant parts of the bubble reach ejecta
with velocities of vej,i ' 3500 km s−1. For the den-
sity profile that we use here (equation 1) the frac-
tional mass of the ejecta with velocity of v < vej,i is
M(v < vej,i) = (7/9)(vej,i/vbr)
2 ' 0.2, where in our
simulations vbr is by equation (2). Since the bubble is
onto one side of the center of explosion, the bubble in
our simulations interacts and mixes with an ejecta mass
of Mej,b ' 0.1Mej.
5. DISCUSSION AND SUMMARY
We simulated the interaction of jets that a NS com-
panion to a CCSN launches from one to three hours after
explosion as it accretes mass from the ejecta through an
accretion disk (Soker 2020). We followed the inflation of
a bubble by the jets and examined the bubble morphol-
ogy, size, fine detailed flow structures inside the bubble,
and mixing of post-shock jets and ejecta gas. We placed
the NS at a distance of r = 5R, and therefore this
type of flow is relevant for both Type SNe Ib and SNe
Ic. We took the ejecta mass to be Mej = 3.5M, and
for that our quantitative study is not relevant to ultra-
stripped SNe Ic that have a much lower ejecta mass,
Mej ≈ 0.05− 0.2M (Tauris et al. 2013, 2015; Hijikawa
et al. 2019). Qualitatively, though, our results are ap-
plicable even to ultra-stripped SNe Ic (Soker 2020).
We list our main findingsas follows.
(1) The two bubbles that the jets inflate, one bubble
for each jet, merge at a very early time to form one bub-
ble. The ejecta pushes this bubble to the side (Fig. 1).
Narrower jets that have a large momentum flux inflate
larger bubbles that extend more along the jets’ axis di-
rection. Wider jets inflate more spherical bubbles that
are smaller for the same jets’ power (Fig. 5).
(2) The post-shock jets’ gas develops large scale merid-
ional flows, one on each side of the equatorial plane, and
small scale vortexes (Figs. 2 and 5). Even at the very
last time, about 3 hours after we turned the jets off, we
can still see a non-radial flow inside the bubble (lower
panel of Fig. 6).
(3) RayleighTaylor instabilities develop on the con-
tact discontinuity between the post-shock ejecta gas (the
dense shell) and the post-shock jets’ gas (Figs. 1 and 3).
The strong flow within the bubble washes out the insta-
bility tongues (upper to lower panels in Fig. 1).
(4) The instabilities and the flow inside the bubble
mix postshock ejecta gas with postshock jets’ gas, as we
can see in the jet-tracer maps, upper panel of Fig. 4 and
lower panel of Fig. 6.
(5) There is one case that we simulated to a late time
of t = 6.1 h post-explosion, Case ExG5. The most dis-
tant parts of the bubble reach ejecta with velocities of
vej,i ' 3500 km s−1 (Fig. 6). We also present in Fig. 6
the mixing of this material with the ejecta. By t = 6.1 h
the bubble in our simulation interacts and mixes with
an ejecta mass of Mej,b ' 0.1Mej ' 0.35M. We note
that Case ExG5 is for the lower energy that we use here.
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Figure 5. Pressure maps and stream maps (where arrows present only the direction of the flow) in the meridional plane that
contains the NS and the center of explosion at t = 150 min for the four simulations Cases LeN1 (upper left), Case LeW2 (upper
right), Case HeN3 (lower left), and Case HeW4 (lower right). Pressures are according to the color-bars in units of erg cm−3
(note different scaling of the color bars).
As well, the jets might be active even after t = 3 h, al-
though they will be weaker due to lower accretion rates.
Therefore, we expect that in some cases the effects we
discussed above will be stronger even. Namely, a larger
bubble with a larger ejecta mass that it influences.
Let us discuss some aspects of these results. Soker
(2020) mentions that the jets might contribute to ra-
diation from the CCSN. The progenitor is a small star
R1 ' 1R. In the first few hours the ejecta expands to
distances of rej  R1, and therefore suffer a large adi-
abatic cooling. If about half of the energy at explosion
(at shock-break out from the progenitor) is thermal en-
ergy, then for as adiabatic index of γ = 4/3 by the time
the ejecta is at 50R1 the thermal energy is only 1% of
the explosion energy. The bubble suffers much less adi-
abatic cooling (e.g., Kaplan & Soker 2020 for a different
setting of jets-ejecta interaction). The consequence is
that although the jets’ energy is ≈ 1% of the ejecta en-
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Figure 6. Results of Case ExG5 with an extended nu-
merical grid. Top: Density map in the meridional plane at
t = 192 min. Middle: Density map in the meridional plane
at t = 6.1 h = 366 min. Bottom: jet-tracer map at t = 6.1 h
with velocity vectors that depict the flow direction (but not
its magnitude). The density scale is according to the color
bar in units of g cm−3. Note the increasing size of the panels
with time and the different density scales of the color-bars.
ergy, the jets can add substantially to the light curve.
This is particularly true for an observer on the side of
the bubble, because more photons from the bubble will
diffuse and escape to that direction. Radiative trans-
fer calculations, that we plan for the future, will have
to include the calculations of opacity and of the non-
spherical geometry of the problem. Our results should
motivate such calculations.
CCSNe lead to the nucleosynthesis of new isotopes.
The distribution of the isotopes with velocity is not uni-
form (e.g., Wongwathanarat et al. 2017). The instabili-
ties and vortexes of the bubble mix these isotopes inside
the bubble. However, the overall effect is not large, as
the explosion mechnasim itself mixes these isotopes into
different velocity ranges (e.g., Wongwathanarat et al.
2017).
Soker (2020) speculates that nucleosynthesis of
neutron-rich material might occur in the jets as they
leave the NS companion, similar to the common en-
velope jets supernova (CEJS) r-process scenario (e.g.,
Grichener & Soker 2019). We find here that if a small
amount of r-process elements form, they mix with an
ejecta mass of about Mej,b ' 0.1Mej.
Our study adds to the increasing body of studies on
the formation of close NS binary systems. Our study
is relevant also to black hole binary systems that are
formed via CCSN. Future studies that will include ra-
diative transfer will be able to better compare to obser-
vations of CCSNe that might have extra energy in their
light curves that in turn might result from a close NS
companion.
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